Introduction: The paper aims to assess the mechanical properties of novel high-viscosity bulk-fill composites based on the giomer and ormocer technology, and to compare their performance with materials of the same category previously launched. Methodology: One Giomer (Beautifil Bulk restorative/Shofu), one ormocer-based (Admira Fusion x-tra/ Voco) and the first launched bulk-fill composite (QuixFil/Dentsply) were compared to three established materials of the same category. The last (Tetric EvoCeram Bulk Fill/Ivoclar Vivadent; X-tra Fil/Voco; SonicFill/Kerr) were analysed under identical conditions and were partially presented in a previous study. The mechanical properties were assessed at macroscopic (flexural strength σ and flexural modulus E flexural ) and microscopic scale (Martens HM and Vickers Hardness HV, indentation modulus Y HU , Creep). Results: The effect of the parameter filler amount was significant on all measured properties (p<0.001; partial eta squared varied among η P ²=0.212 (Creep) and 0.891 (Y HU )), while being higher on the modulus of elasticity Y HU ( η P ²=0.891) and E flexural ( η P ²=0.805). Lower σ values were determined for the ormocer (99.9±10.7 MPa) and giomer-based composite (106.0±12.7 MPa), while the highest values were recorded for QuixFil, X-tra Fil and SonicFill. Significant lowest E flexural was measured for the group Tetric EvoCeram Bulk Fill (4.5±0.8 GPa) and Admira Fusion x-tra (5.3±0.5 GPa), while QuixFil (9.4±1.8 GPa) and X-tra Fil (9.5±0.6 GPa) showed statistical similar values and the highest values in the range of the analyzed materials. Conclusions: Owing to a lower inorganic filler amount, innovative modifications such as giomers or ormocers were related to materials with moderate mechanical properties, yet comparable to values measured in regular composites. Keywords: bulk-fill resin-based composites, strength, modulus of elasticity, hardness.
DENTAL MATERIALS

Introduction
In an effort to simplify and improve placement of direct resin-based composite (RBC) posterior restorations, manufacturers develop materials able to be cured in one 4 or even 5 mm thick increment. This allows to skip the time-consuming layering process and to reduce the risk of introducing failures or contaminants in-between increments. The material category is termed bulk-fill resin based composites and is classified on the basis of differences in viscosity and application technique, in low-and high-viscosity bulk-fill RBCs. The low mechanical properties of the former 1 require to finish a restoration by adding a capping layer made of regular RBCs, while high-viscosity bulk-fill RBCs are intended to restore the entire preparation. Several in-vitro studies confirmed that bulk-fill RBCs may be applied in increments up to 4 mm thickness, [2] [3] [4] [5] when adequately cured. Besides, an acceptable marginal adaptation is reported, which is similar to that of standard RBCs. 6 In a similar vein, Furness et al. 7 attested a comparable proportion of gap-free tooth-restoration interfaces in either bulk-fill or conventional RBCs restorations. Yet, the proportion of gap-free interfaces tended to decrease with increasing depth in the preparation, but was largely unaffected by RBC type (one low-viscosity and three high-viscosity bulk-fill RBCs versus one nano-hybrid RBC) or placement technique (4-mm bulk versus 2 x 2-mm increments). In contrast to these findings, Benetti et al. identified some bulk-fill restoratives to produced larger gaps at the dentin margin of Class II cavities, when compared to regular RBCs restorations. Nevertheless, good in-vitro performance as reflected in improved self-leveling ability, 9 decreased polymerization shrinkage stress [10] [11] [12] and reduced cusp deflection 13 encourage a positive forecasting of the clinical performance of bulk-fill RBCs. Owing to the short time since the materials have been launched on the market, only few clinical studies are available. For the low-viscosity bulk-fill RBC, SDR, van Dijken et al. 14, 15 attested in two different 3-year follow-up studies, a similar performance compared to restorations made by regular RBCs placed in a layering technique. As for high-viscosity bulk-fill RBCs, only one short 1-year clinical evaluation of class II restorations is reported so far, stating that the clinical performance of several high-viscosity bulk-fill RBCs was similar when compared to a conventional posterior RBC. 16 When considering the bulk-fill RBCs as a material category, their mechanical properties were identified to fall between those of regular and flowable composites, indicating a similar or possibly inferior clinical behavior relative to standard microhybrid or nanohybrid composites. Yet, the differences in mechanical properties within the bulk-fill category were identified to be very high, which is particularly due to the different filler content. 1 The performance of each material must therefore be assessed individually and cannot be transferred from the material category they belong to. Although the chemical composition of the organic matrix is largely similar to that described in regular RBCs, a particularity of bulk-fill RBCs is identified in the inorganic fillers. A lower filler content or enhanced filler size (>20 µm) was attested for several bulk-fill RBCs (x-tra fil and x-tra base, VOCO, Cuxhaven, Germany; SureFil SDR flow, DENTSPLY Caulk, Milford, DE, USA; SonicFill, Kerr, Orange, CA. USA, (1)), the result being enhanced material translucency. The changes in filler size involve a lower total fillermatrix interface compared to regular composites with lower filler size, resulting in reduced light scattering and increased light transmittance in depth. 1 The aforementioned changes in fillers, but also a reduced amount of pigments are made responsible for the enhanced depth of cure of bulk-fill restoratives. Bulk-fill composite have rapidly achieved great popularity, therefore, progressively new material options have become recently available. Innovative material developments, like new and more competitive photo-initiators 17 , as well as new material categories such as giomers (Glass ionomer + polymer) 18 and ormocers (Organically Modified Ceramics) 19 have recently been implemented also in high-viscosity bulk-fill RBCs. Therefore, the aim of this study was to comparatively assess the mechanical performance of novel highviscosity bulk-fill restoratives materials such as giomers and ormocers and to compare them to three established materials of the same category measured under identical conditions and partly presented in a previous study, 1 by considering a battery of properties determined at both macroand microscopic scale. The null hypotheses assume no significant difference in macro (flexural strength (σ) and flexural modulus (E flexural )) and micro (Martens Hardness (HM), Vickers hardness (HV), indentation modulus (Y HU ), and Creep) mechanical properties among the analysed high-viscosity bulk-fill RBCs. 
Materials and Methods
One giomer, one ormocer as well as the first launched high-viscosity bulk-fill RBC were compared with three established high-viscosity bulk-fill resin composites (Table 1) by assessing their mechanical properties at macroscopic (σ and E flexural ) and microscopic scale (HM, HV,Y HU and Creep).
Macro-mechanical Characteristics
The flexural strength (σ) and flexural modulus (E flexural ) were determined in a three-point-bending test (n = 20). Therefore, specimens were made by compressing the composite material between two glass plates with intermediate Polyacetate sheets, separated by a steel mold having an internal dimension of (2 x 2 x 16) mm. Irradiation occurred on the top and bottom of the specimens, as specified in ISO 4049:2009 standards; 20 the duration of the light exposures was 20s, with three light exposures, overlapping one irradiated section no more than 1 mm of the diameter of the light guide (Elipar tm Freelight 2, 3M ESPE, Seefeld, Germany, 1,241 mW/cm²) to prevent multiple polymerizations. After removal from the mold, the specimens were ground with silicon carbide sand paper (grit size P 1200/4000 (Leco)) to remove protruding edges or bulges, and then stored for 24 h in distilled water at 37°C. The specimens were loaded until failure in a universal testing machine (Z 2.5, Zwick/ Roell, Ulm, Germany) in a threepoint-bending test device, which was constructed according to the guidelines of NIST No. 4877 with a 12 mm distance between the supports. 21 During testing, the specimens were immersed in distilled water at room temperature. The crosshead speed was 0.5 mm/min. The universal testing machine measured the force during bending as a function of the deflection of the beam. The bending modulus was calculated from the slope of the linear part of the force-deflection diagram.
Micro-mechanical Characteristics
Fragments (n = 10) of the three-point-bending test specimens of each group were used to determine the micro-mechanical properties specimens were polished with a grinding system (EXAKT 400 CS, EXAKT, Norderstedt, Germany) using silicon carbide paper P 2500 followed by P 4000. Measurements were done on the top (n = 10) of the slabs with 6 measurements per sample. The test procedure was carried out force-controlled, where the test load increased and decreased with constant speed between 0.4 and 500 mN. The load and the penetration depth of the indenter (Vickers pyramid: diamond right pyramid with a square base and an angle of α = 136° between the opposite faces at the vertex) were continuously measured during the load-unload hysteresis. Universal hardness (HM) is defined as the test force divided by the apparent area of indentation under the applied test force. From a multiplicity of measurements stored in a database supplied by the manufacturer, a conversion factor (0.0945) between HM and HV was calculated by the manufacturer and entered into the software so that the measurement results were also indicated in the more familiar HV units. Y HU was calculated from the slope of the tangent adapted at the beginning (at maximum force) of the nonlinear indentation depth curve upon unloading. By measuring the change in indentation depth with a constant test force, a relative change in the indentation depth can be calculated. This is a value for the creep of the materials.
Statistical Analysis
The Kolmogoroff-Smirnoff test was applied to verify the data were normally distributed. Results were compared using one-way ANOVAs and Tukey's HSD post hoc test (α = 0.05). A multivariate analysis (general linear model) assessed the effect 
Results
The effect of the parameter filler amount (weight %) was proved to be significant on all measured properties (p < 0.001; partial eta squared varied among η P ² = 0.212 for Creep and 0.891 for Y HU , Table 3 ). The filler amount showed the best correlation with the flexural modulus (Pearson correlation coefficient = 0.724), followed by the indentation modulus (0.567) and the hardness parameters, while no correlation was identified with the flexural strength. An inverse correlation, yet low (-0.218) was identified between filler amount and creep. A moderate correlation was observed between the parameters measured at macroscopic scale (σ and E flexural , 0.425), while the correlation among the micro-mechanical parameters was high, except for Creep. The correlation among macro and micro mechanical parameters (except again for Creep) was low to moderate for σ and high for E flexural (Table 4 ).
Discussion
The basic approach of this study was to compare modern high-viscosity bulk-fill RBCs in terms of their mechanical behavior assessed at macro and microscopic scale. All materials analyzed belong to the category of high-viscosity bulk-fill RBCs, which is characterized by enhanced mechanical properties when compared to the low-viscosity bulk-fill RBCs. 1 The materials analyzed are indicated to be used in bulk up to 4 or 5 mm, to restore the entire preparation, with no need to be capped by an auxiliary restorative composite. Under the curing conditions used in the present study (20s exposure time, 1241 mW/cm² irradiance), the materials have proved in previous studies to be adequately polymerized in at least 4-mm increments. 4, 5, 23 Therefore, the macro-mechanical properties, which were assessed according to the valid standards 20 on 2-mm thick specimens, may be transferred to larger increments as well. Although low differences in filler amount were identified among the materials analyzed (81% to 87% by weight), the inorganic filler amount was directly reflected in the measured mechanical properties, since the highest filled materials x-tra fil and Quixfil, which contain both 86 weight % fillers, also reached the highest mechanical properties. Table 1 indicates for Beautifil Bulk restorative an even higher filler amount (87%). It must be pointed out that the material contains, beside inorganic bulk-filler, also large pre-polymer fillers, thus the total inorganic filler amount is accordingly lower as indicated. A similar conclusion applies for Tetric EvoCeram® Bulk Fill, in which the pre-polymer fillers amounted to17% of the total indicated filler amount (Table 1 ). All materials analyzed fulfill the ISO 4049 criteria (flexural strength ≥80MPa) to be used in loadbearing areas as restorative materials. 20 Yet, the ISO 4049 does not specify a lower limit value for the modulus of elasticity, which represents the relative stiffness of a material and is related to the deformability of a restorative material under masticatory stresses.
24 Consistent larger differences among materials were identified with regard to the flexural modulus, which is directly related to the inorganic filler amount. As for the measured micromechanical properties, the present investigation revealed a strong dependence of all measured parameters on the filler amount. To assess both the elastic and the plastic part of the deformation, a depth sensing hardness measurement device was used in this study. Therefore, a dynamic measuring principle was applied by recording simultaneously the load and the corresponding penetration depth of the indenter. 22, 25 Besides hardness, the indentation modulus is also indicated, since previous studies attested a good correlation between indentation modulus and the modulus of elasticity measured in the more familiar threepoint bending test. 26 This relation was confirmed also by the present study. While flexural modulus and indentation modulus might have attributed a similar clinical interpretation, both measured hardness parameters -Martens Hardness (or universal hardness) and the more familiar Vickers Hardness -are defined as the resistance a material oppose to penetration or indentation, and might be related to properties such as wear resistance or abrasion. 27 The last statement must however be put into perspective for bulk-fill RBCs, since many bulk-fill RBCs contain larger fillers (up to 20 µm) compared to regular RBCs, 28 which might have a negative impact not only on the wear behaviour of the materials, but also on their aesthetic properties. The materials analyzed in the present study are the result of a large variety of innovative technologies. The concept of bulk-filling, meaning the ability to place and cure a resin-composites in large increments (up to 4 mm) and thus to skip the time consuming layering technique, was first introduced with the high-viscosity bulk-fill RBC QuixFil. Yet, the low-viscosity bulk-fill RBC (SDR flow) of the same company, launched many years later, was the first bulk-fill material achieving a noticeable commercial success and establishing thus the aforementioned concept. This fact triggered a series of products from all other dental companies. As for QuixFil, the enlarge depth of cure was realized by enlarging the filler size and consequently reducing the filler-matrix interface and the scattering along this interface. Whether the refractive indices of the material components were modified in order to reduce differences among fillers and organic matrix, and therefore to reduce light scattering and enhance translucency, 29 is not stated nor analyzed so far. Besides, no remarkable changes in the composition of the organic matrix or photo-initiating system are noted ( Table 1 ). The present study allows comparing two different bulk-fill materials from the same company -X-tra Fil and Admira Fusion x-tra -in which two different concepts in modifying the materials for bulk-fill placement were followed. While X-tra Fil is based on a traditional (methacrylates) organic matrix, containing monomers like Bis-GMA, UDMA, TEGDMA (Table 1) , Admira Fusion x-tra is a purely ormocer-based material. As different from regular di-methacrylates, Ormocers are described as 3-dimensionally cross-linked inorganic-organic polymers, synthesized from multi-functional urethane-and thioether(meth)acrylate alkoxysilanes as sol-gel precursors. Alkoxysilyl groups of silane permit the formation of an inorganic Si-O-Si network by hydrolysis and poly-condensation reactions, while the methacrylate groups are available for photochemical polymerization.
19
The reason beneath introducing Ormocers as dental materials was motivated in their reduced polymerization shrinkage and wear when compared to regular RBCs as well as in the very similar coefficient of thermal expansion compared to the natural tooth structure. 19 However, it was technically not possible for a long time to create commercial RBCs based integrally on ormocers. Therefore, ormocers were used in commercial materials only to replace parts of the regular organic matrix, which diminished the aforementioned positive effects. It might be worth mentioning that the first commercial ormocerbased restorative was Admira (Voco), launched in 1999, followed by the nano-hybrid composite Grandio of the same company. Recently, new technologies allowed creating purely ormocer RBCs, as implemented also in the analysed material Admira Fusion x-tra. With respect to the mechanical properties, the direct comparison of both bulk-fill RBCs identified consistently higher values in X-tra Fil compared to Admira Fusion x-tra, which is mainly attributed to the higher inorganic filler content and the enlarged filler size. The aforementioned drawbacks related to enhanced filler size must however be considered, when trying to reproduce the in-vitro data to a clinical perspective. A further interesting material development was implemented in Beautifil Bulk restorative. The material is denominated as a Giomer, an acronym derived from the main material compounds -Glass ionomer (GIC) and polymer -, since the material category contains as filler a GIC derivate, which is implemented into a resinous matrix. The fillers contained in Beautifil Bulk restorative are named S-PRG, which means surface pre-reacted glass ionomer, and were developed by Roberts et al. 18 in 1999. In S-PRG, a fluoroaluminosilicate glass has been reacted with a polyalkenoic acid in the presence of water, to form a wet siliceous hydrogel. In contrast to GICs 30 , the acid-base reaction occurred in S-PRG fillers during manufacturing, thus resulting in a surface modified layer which is described to subsequently protect the glass core from the damaging effects of moisture.
18 S-PRG fillers were proved to release and recharge fluoride but also other ions such as Na , SiO 3 2-31-38 Besides S-PRG fillers, the material contains also large pre-polymerized filers 4 comprising 87.0 weight % and 74.5 volume %, respectively. The bulk-fill giomer restorative proved in previous in-vitro studies to be adequately cured in increments up to 4-mm 4 and to induce low, yet statistical similar cusp deflection compared to the ormocer based bulk-fill restorative Admira Fusion x-tra, described above.
As for Tetric EvoCeram Bulk Fill, the filler system is comparable with the filler system observed in the regular nanohybrid RBC Tetric EvoCeram. The enhanced depth of cure was realizes not by enlarging the filler size, as observed in the majority of bulk-fill RBCs, but by implementing an additional photo-initiator, Ivocerin, along with the well-known photo-initiator system camphorquinone (CQ)/ amine and an acyl phosphine oxide initiator. Ivocerin is described as a germanium-based photoinitiator with a higher photo-curing activity than CQ, which is attributed to its larger molar extinction coefficient (ελ) when compared to CQ. Its maximal absorption is described at 411 nm wavelength, 17 therefore the initiator may be activated by regular curing units. A further advantage of Ivocerin is that it can be used without the addition of a co-initiator (amines) as well as its ability to form at least two radicals able to initiate the radical polymerization process. Therefore, Ivocerin is considered more efficient when compared to the CQ/amine systems, in which only one radical able to initiate the polymerization reaction is formed. 17 Regarding SonicFill it shows, similarly to x-tra fil, changes focusing primarily on the filler system, particularly on the filler size.
1 A previous study identified for SonicFill specimens of thicknesses up to 6 mm, lower blue light transmittance compared to Tetric EvoCeram Bulk Fill or x-tra fil. The amount of blue light transmitted is therefore comparable for SonicFill with values recorded in regular nanoand micro-hybrid RBCs. 23 Although enlarged fillers were observed also in SonicFill, the material is one of the lesser bulk-fill brands offered in regular shades. Thus, the low light transmittance might be, at least partially, attributed to the pigments' necessity to adapt the color, which are present in lower amounts in other bulk-fill RBCs, offered mainly in the color "universal" (Table 1 ). Compared to regular composites intended for incremental use, the analyzed bulk-fill composites revealed comparable or even superior mechanical properties. 1 Nevertheless, the enhanced filler size as observed in many materials, as well as the reduced amount of pigments, may forfeit the esthetic or the wear behavior of the materials.
Conclusions
The analyzed high-viscosity bulk-fill RBCs differ consistently in the properties analyzed, which is directly related to the inorganic filler content. Innovative modifications as the giomers or ormocers were related to materials with moderate mechanical properties, yet comparable to regular RBCs. The changes in chemical composition might however create advantages in terms of polymerization shrinkage stress or a caries protective ability.
